Targeting tumors with long-circulating nano-scaled carriers is a promising strategy for systemic cancer treatment. Compared with free small therapeutic agents, nanocarriers can selectively accumulate in solid tumors through the enhanced permeability and retention (EPR) effect, which is characterized by leaky blood vessels and impaired lymphatic drainage in tumor tissues, and achieve superior therapeutic efficacy, while reducing side effects. In this way, drugloaded polymeric micelles, i.e. self-assemblies of amphiphilic block copolymers consisting of a hydrophobic core as a drug reservoir and a poly(ethylene glycol) (PEG) hydrophilic shell, have demonstrated outstanding features as tumor-targeted nanocarriers with high translational potential, and several micelle formulations are currently under clinical evaluation. This review summarizes recent efforts in the development of these polymeric micelles and their performance in human studies, as well as our recent progress in polymeric micelles for the delivery of nucleic acids and imaging.
Introduction
Cancer has become a leading cause of death, and the number of cancer patients is predicted to double by 2050 [1] . This situation is driving a rapid increase in the demand for effective cancer treatments, and the application of nanotechnology on cancer is expected to provide significant improvements for diagnosis, treatment and management of the disease, offering lower toxicity, specific targeting and reduced treatment cost. In this way, nano-scaled carriers, which can selectively deliver reporter molecules, anticancer drugs or genes to tumor tissues, have great potential for early and efficient diagnosis, and enhanced therapeutic efficacy [2] [3] [4] . The selectivity of nanocarriers to solid tumors is based on the augmented leakiness of neovascularization of malignant tissues to macromolecules, and the retention of these macromolecules due to the impaired lymphatic drainage in tumor tissues, so called the enhanced permeability and retention (EPR) effect [5] . Thus, the in vivo success of such nanocarriers relies on their stability while circulating in the body, avoiding recognition by the reticuloendothelial system, as well as their effective extravasation and penetration in tumor tissues for selectively releasing their payloads [2] [3] [4] .
Since the late 1980s, our group has been developing self-assembled polymeric micelles as carrier systems for delivering various bioactive molecules, such as cytostatic agents, nucleic acids, reporter molecules, for cancer diagnosis and therapy (Figure 1 ). Our polymeric micelles are prepared by self-assembly of poly(ethylene glycol)-b-poly(amino acid) copolymers into core-shell nanostructures [4, 6] , where the core is formed by the poly(amino acid) segment, which is engineered for efficiently incorporating and releasing the payload, and the poly(ethylene glycol) (PEG) block forms a dense and soft hydrophilic shell, which protects the drugs in the core, hindering the interaction with plasma proteins and cells, avoiding the recognition by macrophages and prolonging the circulation in the bloodstream [4, 6] . The diameter of polymeric micelles resembles that of natural viruses and can be tuned from 10 to 100 nm [4, 6] , which reduces their accumulation in the organs of the reticuloendothelial system and facilitates overcoming physiological barriers, such as lymphatic transport to lymph nodes after intradermal injection [7] , and extravasation, deep penetration and high accumulation in solid tumors after systemic injection ( Figure 2) [8] . This broad and increased accumulation of polymeric micelles in tumor tissues augment the efficacy of the incorporated drugs, allowing the delivery of therapeutic concentrations of drugs to most cells within tumors [4, 6, 8] . Moreover, after accumulating in tumors, polymeric micelles can act as intracellular Trojan horses, selectively delivering the drugs to their subcellular targets, thus, overcoming mechanisms of drug resistance and enhancing the efficiency of therapies [4, 6, 9] . In addition, after releasing their cargo, micelles can dissociate into the former block copolymers and be eliminated by filtration through kidneys, avoiding any long-term side effect [4, 6] . 
Polymeric micelles in clinical trials

Doxorubicin (Dox)-loaded micelles (NK911)
Dox is a potent anthracycline widely used for the treatment of several malignancies, but presents serious adverse effects, such as heart damage, which restrict the working dosage [12] .
Several carrier approaches have been considered for delivering Dox to solid tumors, including N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers covalently conjugating Dox via enzymatically cleavable glycyl-phenylalanyl-leucyl-glycine spacers [13] , which was the first polymeric drug conjugate to proceed into clinical trials (PK1) [14] , Dox-loaded liposomes (Myocet) and PEGylated Dox-loaded liposomes (Doxil/Caelix), which have been approved by the US Food and Drug Administration (FDA) for the treatment of Kaposi's sarcoma [15] , and ovarian [16] and breast cancer [17] . Our polymeric micelles incorporating Dox were originally developed in the late 1980s by using PEG-b-poly(α,β-aspartic acid) copolymer conjugated with Dox through amide bonds ( Figure 3A) , which was engineered for physically entrapping Dox via π-π stacking [18, 19] .
Thus, the physically loaded Dox serves as an agglomerant in the core of micelles, augmenting the stability of the micelles and reducing the critical micelle concentration, allowing the preservation of the micelles upon dilution. Moreover, because Dox can self-associate into dimers [20] , these micelles not only incorporated Dox monomers, but also Dox dimers, which were found to further stabilize the micellar nanostructure [21] . However, because these dimers are not clinically approved, the micelle formulation was optimized to include only Dox monomers, while mantaining their high stability in blood and high antitumor efficacy [22] . In preclinical studies, these micelles showed longer blood circulation, with a 29-fold higher area under the drug concentration versus time curve (AUC) in plasma than free Dox, and higher accumulation in tumors due to the EPR effect (3.4-fold higher than that of free DOX), leading to a stronger antitumor effect than the free drug in mice models of sarcoma and lung, breast, and colon cancer [22] . This optimized formulation were the first micelles to proceed into clinical trials under the name NK911 in 2001 ( Figure 3B ). 
Paclitaxel (Ptx)-loaded polymeric micelles (NK105)
The development of polymeric micelles incorporating paclitaxel (Ptx) was also considered, as Ptx presents high clinical efficacy against several malignancies, including lung, breast, ovarian, head and neck cancer, and Kaposi's sarcoma [24] , but it is poorly soluble in water, compelling its administration by mixing with ethanol and Kolliphor EL, which is associated with allergic reactions.
Moreover, Ptx present neutropenia and neurotoxicity at clinically relevant doses, the latter being a significant dose-limiting toxicity, as there are no effective therapies to prevent or reduce Ptxinduced nerve damage [24] . Various drug carriers have been considered for improving solubility and reducing side effects, as well as enhancing the delivery of Ptx to solid tumors [25] . Among them, albumin nanoparticles containing Ptx (Abraxane) have recently received clinical approval for the treatment of breast, lung and pancreatic cancer [26, 27] , paclitaxel-conjugated poly(glutamic acid) [28] (Opaxio) is being studied in Phase III for patients with advanced ovarian cancer (NCT00108745), and micelles from PEG-b-poly(d,l-lactide) copolymer incorporating Ptx in their hydrophobic core [29] (Genexol-PM) have been clinically approved in Bulgaria, Hungary and South Korea, and are being evaluated in Phase II trials in the US.
From our observations on Dox-loaded polymeric micelles and NK911, we have noted that tailoring the cohesive forces between the polymer strands and the incorporated drugs is essential for preparing micelles capable of tolerating dilution and harsh conditions during blood circulation.
Using PEG-b-poly(amino acid) copolymers is a clear advantage for formulating stable drug-loaded polymeric micelles, as the poly(amino acid) segments can stabilize the nanostructure by hydrogen bonding with the incorporated drugs, as well as between the poly(amino acid) chains, while the side groups of the poly(amino acid) block can be easily modified with moieties having high affinity with physically incorporated drugs. The latter was firstly confirmed by preparing Dox-loaded polymeric micelles from PEG-b-poly(benzyl-L-aspartate) copolymer [30] , where the poor water solubility of the core-forming block and π-π stacking of benzyl residues with Dox allowed the formation of micelles with considerable stability in blood and enhanced tumor accumulation by EPR effect [31] .
For constructing long-circulating Ptx-loaded polymeric micelles (NK105; Nippon Kayaku, Co.), the side groups of the poly(amino acid) segment were engineered for enhancing the affinity of the hydrophobic backbone of the copolymer with Ptx [32] . Thus, 4-phenyl-1-butanol was conjugated to half of the carboxylic groups of PEG-b-poly(α,β-aspartic acid) copolymer. The resulting PEG-bpoly(aspartate-4-phenyl-1-butanolate) copolymer was mixed with Ptx in dichloromethane and dispersed in water as an emulsion. After evaporation of dichloromethane, the block copolymers self-assembled into core-shell polymeric micelles with 85-nm diameter, physically incorporating Ptx in their core. Preclinical pharmacokinetics studies of NK105 showed that the plasma AUC of the Ptx in the micelles was 50-fold higher than that of Ptx [32] , while the tumor AUC of NK105 in a subcutaneous human adeocarcinoma tumor model (HT-29) was 25-fold higher than that of Ptx [32] . Moreover, intravenously injecting NK105 once-a-week for 3 weeks at 100 mg kg -1 on a Ptxbase exhibited superior antitumor activity and less toxicity than Ptx in the HT-29 model [32] . In addition, no neurotoxicity was detected after single intravenous injection of NK105 at 7.5 mg kg -1 because of the limited access of micelles to nervous tissues, while the same dose of Ptx caused degeneration of myelinated fibres and a marked neurotoxicity [32] .
NK105 advanced into Phase I clinical studies to determine the MTD, dose limiting toxicities and recommended dose, as well as NK105 pharmacokinetics (Table 2 ), in 19 patients with various cancers (pancreatic, bile duct, gastric and colon) [33] . NK105 was provided as a freeze-dried formulation containing approximately 23% of Ptx in weight, which was reconstituted and administered by infusion for 1 h every 3 weeks without antiallergic premedication, starting with 10 mg Ptx equivalent m -2 . Accordingly, the MTD was found to be 180 mg m -2 , with Grade 4 neutropenia being the dose limiting toxicity (2 patients), and only 1 allergic reaction. Moreover, one pancreatic cancer patient, receiving more than 12 cycles of NK105, experienced a partial response, while patients with colon and gastric cancer showed stable disease for ten and seven cycles, respectively. From this study, the recommended dose for Phase II studies was 150 mg m -2 . It is interesting to note that at this dose the plasma AUC of NK105 (369.8 μg h ml -1 ) was not only 15-fold higher than that of conventional Ptx dosage, but also 33-fold larger than that of Genexol-PM (11.5 μg h ml -1 ) at a dose of 300 mg m -2 ( Table 2) [33] . However, it was not possible to determine the extent of released Ptx and NK105-incorporated Ptx in the bloodstream, since the equilibrium between both forms could not be maintained during the process of separation from blood [33] .
Moreover, the maximum concentration in plasma of NK105 (40.1μg ml -1 at 150 mg m -2 ) was much higher than that of Genexol-PM (3.1 μg ml -1 at 300 mg m -2 ) and the total plasma clearance for NK105 (408.6 ml h -1 m -2 ) was more than 70-fold slower than Genexol-PM (29,300 ml h -1 m -2 ), suggesting that tailoring the affinity of Ptx with the core-forming blocks of NK105 effectively enhanced their stability during circulation in the bloodstream.
A Phase II study of NK105 started in 2007, and 57 patients having measurable disease and one chemotherapeutic regimen, except taxane, enrolled. NK105 was administered at the recommended dose (150 mg of Ptx equivalent m -2 ) [34] . Thus, the best overall response rate (ORR) of NK105, which was defined as the proportion of patients whose response is either complete response or partial response, accounted for 25% with two complete responses in gastric cancer patients and 12 partial responses. Moreover, 17 patients showed stable disease and the median overall survival was 14.4 months. The most common Grade 4 haematological toxicity was neutropenia (14 patients; 24.6%), while neurotoxicity was mainly Grade 1 (64.9%), which is a major advantage for the management of paclitaxel-induced side effects. The acceptable activity and good tolerability for NK105 in this Phase II trial encouraged a multi-national Phase III study for comparing NK105 with paclitaxel in patients with metastatic as well as recurrent breast cancer (NCT01644890) to clarify the survival and therapeutic benefits of NK105.
SN-38-loaded polymeric micelles (NK012)
From our initial Dox-loaded micelles, we have also learned that amphiphilic block copolymers conjugating hydrophobic drugs in the core-forming blocks can assemble polymeric micelles in aqueous environment without the addition of free drug molecules. Even though the amide bond used to conjugate Dox and poly(α,β-aspartic acid) in NK911 cannot be cleaved [11] , the linkage between the drug and the polymer can be selected to dissociate at desired conditions, specifically releasing the drug. In this way, polymeric micelles encapsulating the active metabolite of the widely used topoisomerase I inhibitor irinotecan, i.e. 7-ethyl-10-hydroxy-CPT (SN-38), which is approximately 1000-fold more active than irinotecan [35] , were prepared by conjugating SN-38 to PEG-b-poly(L-glutamic acid) by esterification of the phenol group of SN-38 and the carboxylate moieties of the poly(L-glutamic acid) segment [36] . The SN-38 conjugated block copolymers self-assembled in aqueous conditions into polymeric micelles with 20-nm diameter.
The ester bond within the core of the micelles can be cleaved in phosphate buffered saline, releasing approximately 57% of the conjugated SN-38 from the micelles after 24 h incubation at 37°C [36] .
Moreover, SN-38-loaded micelles are effectively stabilized in physiological conditions by the extremely low solubility of SN-38 in water (approximately 80 ng/mL) and the strong tendency of the drug for π-π stacking [37] .
Pharmacokinetics studies revealed that, in mice bearing subcutaneous HT-29 xenografts, for NK012 injected at 30 mg kg -1 , the plasma AUC was 5,010 μg h ml -1 , while for irinotecan at 66.7 mg kg -1 the AUC was 0.022 μg h ml -1, and 0.001 μg h ml -1 for the metabolized SN-38 from irinotecan [36] , indicating the enhanced prolonged blood circulation of the micelles. Due to this prolonged life in the bloodstream, SN-38-loaded micelles (NK012; Nippon Kayaku, Co.) demonstrated effective delivery of high drug levels in several tumor xenografts, including models of glioma [38] as well as renal [39] , colon [36] , gastric [40] , and pancreatic cancer [41, 42] , showing significant antitumor activity. The superior acumulation and activity of NK012 in poorly vascularized pancreatic tumors (Capan1) [41] can be related to their relatively small size, as we have recently demonstrated that the sub-50 nm diameter of drug-loaded micelles was a substantial advantage for achieving deep penetration and high drug concentrations in poorly permeable tumors [8] . Fluorescence microscopies of Capan1 tissues demonstrated that irinotecan/SN-38 was rapidly cleared 1 h after injection, while NK012 was detected for more than 96 h, maintaining the intratumoral levels of SN-38 for more than 3 days, without the need of enzymatic conversion of irinotecan. Moreover, NK012 effectively suppressed the growth of metastases in models of lung metastasis from renal tumors [39] and peritoneal metastasis from gastric tumors [40] , significantly prolonging survival compared with irinotecan. Combination of NK012 with 5-fluoruracil (5-FU) [43] for the treatment of colorectal cancer, and cisplatin for the treatment of small cell lung cancer (SCLC) [44] have also shown to improve the efficacy of the treatment, expanding the therapeutic potential of NK012 for both monotherapy and combination therapy.
NK012 was studied in two independent Phase I clinical trials, one at the National Cancer Center in Japan for NK012 as monotherapy [45] , and another at Sarah Canon Cancer Center in the US for the combination of NK012 with 5-FU [46] , to define the MTD, dose limiting toxicities, and recommended dose. NK012 were reconstituted from a freeze-dried formulation containing 20% of SN-38 in weight. Then, NK012 were intravenously infused for 1 h every 3 weeks until disease progression or unacceptable toxicity happened. Both the Japanese and the US study showed similar pharmacokinetics, showing a plasma AUC of approximately 294 μg h ml -1 ( Table 2 ). The elimination of NK012 into urine by renal clearance was difficult determine because SN-38 is released from PEG-b-poly(L-glutamic acid) in urine. Instead the total amount of SN-38 in urine was determined after alkali treatment [45] . NK102 showed considerably lower total clearance and volume of distribution at steady state than irinotecan [47] , suggesting the sufficient stability of the micelles after systemic administration and their low distribution to normal tissue.. The MTD of NK012 was 37 mg m -2 , and the dose limiting toxicity was neutropenia. The studies also showed 3 partial responses in patients with triple negative breast cancer, 1 partial response in a patient with esophageal cancer and 1 partial response in a patient with SCLC. The recommended dose for the Phase II clinical studies was 28 mg m -2 . Moreover, a Phase I/II study of NK012 in patients with multiple myeloma (JapicCTI-111652) has been recently started in Japan. In addition, as NK012 have demonstrated synergistic effect when combined with 5-FU and platinum drugs in mouse tumor models [43, 44] , a Phase I study of NK012 and carboplatin has been recently completed in patients with solid tumors, expanding the dose in patients with triple negative breast cancer (NCT01238952), and a Phase I trial of NK012 combined with 5-FU and leucovorin (LV) is ongoing in patients with advanced solid tumors, with a dose expansion phase in patients with metastatic colorectal cancer (NCT01238939).
Because of the safety and antitumor activity demonstrated in the Phase I studies, a Phase II trial was performed at the Sarah Canon Cancer Center to evaluate NK012 as monotherapy in patients with SCLC [48] . Patients were divided in 2 groups, namely sensitive relapsed, which have responded to first line therapy within 90 days, and refractory relapsed, which have showed no response to the first line therapy for more than 90 days. NK012 mainly exhibited positive efficacy in patients with sensitive relapsed SCLC with 2 complete responses, 22% ORR, and 68% of ORR plus stable disease, and the micelles were well tolerated, with neutropenia being the prevalent grade 3/4 toxicity (44%). These moderate activity and tolerability of NK012 have stimulated other Phase II trials for NK012, and studies are underway in the US for patients with locally advanced nonresectable and metastatic breast cancer patients with triple negative phenotype (NCT00951054), as well as in Japan for patients with unresectable advanced colorectal cancer, who have failed previous oxaliplatin-based chemotherapies (JapicCTI-090780).
Epirubicin-loaded micelles (NC-6300)
Besides the amide bond between Dox and PEG-b-poly(α,β-aspartic acid) in NK911, the linkage between Dox and the block copolymers can also be designed to be cleaved under specific conditions by using a labile linkage, allowing the preparation of micelles capable of releasing Dox after cellular uptake. As polymeric micelles are internalized by endocytosis, the conditions within the endocytic vesicles can be used to trigger drug release from the micelles for intracellularly delivering their cargo and enhancing drug efficiency. Endosomes progress from early to late endosomes to lysosomes as they move toward the cell nucleus, changing their inner pH from 6.5 to 5.0 [49] , which can be used as a significant stimulus for specific activation of drug release since the pH in the bloodstream and healthy tissues is 7.4. Therefore, pH-sensitive Dox-loaded micelles were constructed by conjugating Dox to PEG-b-poly(α,β-aspartic acid) via a hydrazone bond [50] . These micelles were shown to selectively release the drug at acidic pH, while at extracellular pH, i.e. pH 7.4, the release was negligible. The prevention of drug release at pH 7.4 and the selective accumulation of these micelles in tumor tissues allowed increasing the MTD in mice 4-fold (40 mg kg -1 injected intravenously 3 times every 4 days) compared to free Dox (10 mg kg -1 , similar schedule). Moreover, the enhanced delivery of Dox to tumors significantly suppressed the growth of subcutaneous C26 tumors [51] . To take this system to the clinical stage, Dox was changed to Epirubicin (Epi), the 4'-epimer of Dox, because Epi has lower cardiotoxicity than Dox, while both drugs show similar efficacy, and the formulation was optimized to achieve enhanced stability after systemic injection, prolonged blood circulation and improved therapeutic efficacy [52] . Thus, PEG-b-poly(aspartate) copolymers were partially substituted with hydrophobic benzyl groups for stabilizing the micellar structure and approximately 10 Epi molecules were conjugated to one block copolymer through hydrazone bonds [52, 53] . These pH-sensitive Epi-loaded micelles (NC-6300; Nanocarrier, Co.) showed prolonged blood circulation and negligible drug release in the bloodstream. NC-6300 also delivered significant amounts of Epi to tumor tissues and approximately half of the Epi delivered from the micelles was found as free drug, i.e. released from the micelles, inside the tumors 24 h after administration.
Regarding the distribution of NC-6300 to other tissues, some percentage of the injected dose was found in liver 24 h after injection. However, changes in hepatic parameters in mice after receiving 20 mg/kg of NC-6300 in an Epi base were negligible and temporary. NC-6300 also displayed superior antitumor activity than Epi in models of human hepatocellular carcinoma and breast cancer, efficiently restricting the growth rate of tumors. Moreover, 9 doses of NC-6300 at 10 mg kg -1 over 12 weeks did not affect the cardiac function of mice, while free Epi at similar dosing schedule significantly deteriorated heart conditions [52, 53] . These positive preclinical results stimulated the study of NC-6300 in the clinical stage, and a Phase I study has started in September 2013 to investigate the safety, tolerability and recommended dosage, and if possible, to determine the efficacy of NC-6300 in patients suffering from advanced or metastatic solid tumors.
Platinum drug-loaded polymeric micelles
Platinum anticancer drugs are a major component in chemotherapy regimes. Cisplatin is used for the treatment of myelomas, lymphomas and melanoma, as well as testicular, ovarian, head and neck, bladder and lung cancers [54] . Oxaliplatin, oxalato(trans-l-1,2diaminocyclohexane)platinum(II), was approved by the US FDA in 2004 for the first-line treatment of advanced colorectal cancer in combination with 5-FU and LV, significantly increasing response rates, even achieving complete responses in unresectable hepatic metastases [55] . Unfortunately, continued treatment with platinum drugs is limited by acute dose-related side effects, e.g. nephrotoxicity, ototoxicity, neurotoxicity, nausea, vomiting, and myelosuppression, and intrinsic or acquired drug resistance [54, 55] . Therefore, considerable efforts have been dedicated for developing drug delivery systems that target platinum drugs to solid tumors, for reducing the aforementioned side effects while improving the efficiency of the drugs [56] . Liposomes and polymer-drug conjugates have been the first considered approaches, and several of these systems have reached clinical trials [56] . However, these formulations present recurrent drawbacks, such as loading efficacy, leakage of drugs during storage and in the bloodstream, and in the case of polymer-platinum drug conjugates at high loading ratios, reduction of solubility, crosslinking and aggregation [56] . These increased hydrophobicity and tendency to aggregate of polymer-platinum drug conjugates at high substitution ratios are substantial advantages for assembling polymeric micelles by using block copolymers. In this way, we have prepared polymeric micelles incorporating cisplatin [57] or (trans-l-1,2-diaminocyclohexane)platinum(II) (DACHPt) [58] , the parent complex of oxaliplatin, which spontaneously self-assemble in water after the polymer-metal complex formation of the platinum drug with the carboxylate moieties of PEG-b-poly(glutamic acid) copolymer. Both cisplatin-and DACHPt-loaded micelles are being evaluated in clinical trials, and the following are brief summaries of their development.
Cisplatin-loaded polymeric micelles (NC-6004)
First polymeric micelles incorporating cisplatin were self-assembled by polymer-metal complex formation between the carboxylic groups of PEG-b-poly(α,β-aspartic acid) and cisplatin in water [59] [60] [61] . As the carboxylate-platinum complex can be dissociated by exposing the micelles to chloride ions, these cisplatin-loaded micelles showed a sustained drug release in physiological saline and a slow disassembly of the micelles into unimers [59, 60] . Following intravenous injection, the micelles showed a 5-fold increase of the plasma AUC, and approximately 4-fold tumor AUC, in contrast to free cisplatin [61] . However, these micelles rapidly decayed in the bloodstream, causing high accumulation in liver and spleen. Therefore, for improving the stability of the micelles in the bloodstream, 2 nd generation cisplatin-loaded micelles were prepared from PEG-b-poly(L-glutamic acid) ( Figure 4 medication. From this study, the MTD was concluded to be 120 mg m −2 due to nephrotoxicity events and the recommended dose for Phase II studies was 90 mg m −2 ( Table 2 ). In addition, 2 patients with pancreatic cancer demonstrated the stable disease.
A Phase I/II study of NC-6004 in combination with gemcitabine in patients with pancreatic cancer was also conducted in Taiwan and Singapore [66] . NC-6004 has recently proceeded into Phase III studies for determining their efficacy in combination with gemcitabine versus gemcitabine alone in patients with locally advanced or metastatic pancreatic cancer (NCT02043288).
(trans-l-1,2-diaminocyclohexane)platinum(II) (DACHPt)-loaded micelles (NC-4016)
Based on the promising results of cisplatin-loaded micelles prepared from PEG-b-poly(Lglutamic acid), polymeric micelles incorporating DACHPt were prepared for enhancing the delivery of the parent complex of oxaliplatin to solid tumors, while reducing the toxicities associated with oxaliplatin treatment [58] . Due to the high stability of DACHPt-loaded micelles in physiological conditions, the micelles significantly extended the blood circulation of the platinum drug after bolus injection, achieving more than 1000-fold plasma AUC 0-72h compared to oxaliplatin, and improved the accumulation of the platinum drug in tumor tissues based on the EPR effect [67] .
The AUC 0-72h for DACHPt-loaded micelles in subcutaneous C26 tumors was approximately 17-fold higher than that of free oxaliplatin. Moreover, by using dual-fluorescent labeled DACHPt-loaded micelles, which can report their position and kinetic stability by following the fluorescence of a dye installed on the PEG-shell and the fluorescence dequenching of a core-conjugated dye, respectively, and following the in vivo fate of these micelles by intravital confocal laser scanning microscopy, we observed that DACHPt-loaded micelles maintained their micelle form during blood circulation, extravasated from blood vessels into tumor tissues and dissociated inside the cells within tumors, enhancing the delivery of the platinum drugs to the nucleus of cells [9] . Thus, besides the high tumor accumulation of DACHPt-loaded micelles, their subcellular drug targeting is a significant benefit for augmenting the efficiency of platinum drugs, and avoiding detoxification mechanisms in the cytoplasm. Because of this improved intracellular delivery, as well as their enhanced accumulation in tumor tissues, DACHPt-loaded micelles were able to overcome oxaliplatinresistance in a model of human colon cancer, achieving strong suppression of the tumor growth [9] .
Moreover, DACHPt-loaded micelles demonstrated higher efficacy than oxaliplatin in various tumor models, including murine colon carcinoma [67] , human pancreatic [8] and scirrhous gastric cancer [68] , melanoma [69] , as well as strong antimetastatic effect against intraperitoneal HeLa metastases, lymph node metastatases of gastric cancer [68] and lung metastases of melanoma [69] . Moreover, the weekly injection of DACHPt-loaded micelles at 2 mg kg -1 for over 8 weeks in transgenic mice developing spontaneous pancreatic tumors effectively suppressed the tumor growth and extended the survival of mice, without any evident toxicity [70] , suggesting the utility of these micelles for repeated chemotherapy cycles. Moreover, because the repeated administration of oxaliplatin causes severe peripheral neurotoxicities, which aggravate with the cumulative dosage, leading in many cases to therapy withdrawal, the mechanical allodynia after 9 administrations of oxaliplatin and micelles was evaluated in mice to determine their neurotoxicity [71] . While oxaliplatin-treated mice were significantly more sensitive to the mechanical stimuli, mice receiving DACHPt-loaded micelles and control mice showed comparable responses, demonstrating the reduced neurotoxicity of the micelles [71] , which is a significant advantage for avoiding oxaliplatin-related toxicities in the clinical stage. Supported by these preclinical results, DACHPt-loaded micelles proceeded into clinical studies under the development name NC-4016 (Nanocarrier, Co.).
A Phase I clinical trial of NC-4016 has started in November 2013 at The University of Texas MD Anderson Cancer Center in the US to find the MTD, dose limiting toxicities and recommended dosage of NC-4016 in patients with advanced solid tumors or lymphoma. In this trial, NC-4016 is being administered in 2 h intravenous infusion once every 3 weeks, with an initial dose of 15 mg m -2 (NCT01999491).
Recent innovations on polymeric micelles
As highlighted in previous sections, the properties of polymeric micelles can be readily adjusted by precisely engineering the constituent block copolymers for improving drug loading, release rate, pharmacokinetics and tumor targeting ability. In this way, the end-group of the PEG segment can be readily modified with ligands capable of recognition of cell-specific surface receptors, providing cellular selectivity and superior intracellular delivery to polymeric micelles.
The effect of various ligands [72] , including antibodies [73] and antibody fragments [74] , aptamers [75] , peptides [76, 77] and small molecules [69, 78] , installed on nanocarriers has been confirmed to improve their targeting efficiency. The efficiency of these ligand-installed carriers depends on design aspects, such as the density of ligands on the surface of nanocarriers, as well as the characteristics of the selected ligand-receptor system, including the binding affinities, which may be enhanced due to the multivalent effect of several ligands on the carriers, the receptor internalization, the biodistribution and availability of the receptors, and the variable expression of the receptors with tumor stage [72] . In this sense, Arg-Gly-Asp (RGD) peptides have been recognized as specific ligands for targeting αvβ3 and αvβ5 integrins overexpressed in neovasculature and cancer cells [79] .
However, because of the relatively low affinity in the nanomolar range of linear RGD peptides and their rapid degradation in biological environments, cyclic-RGD (cRGD) peptides were developed for enhancing both selectivity to αvβ3 and αvβ5 integrins and stability compared to linear RGD peptides [80, 81] . We have recently demonstrated that DACHPt-loaded polymeric micelles having cRGD peptides on their surface not only enhanced the cellular uptake of micelles by cancer cells, but also achieved efficient drug delivery in a mouse model of glioblastoma [77] . Even though glioblastoma is notorious for its poor permeability due to the presence of the blood-brain tumor barrier [82] , these cRGD-installed micelles rapidly penetrated and accumulated within tumor tissues, while micelles modified with a non-targeting ligand, i.e. cyclic-Arg-Ala-Asp (cRAD), showed significantly lower extravasation and accumulation within same tumors, suggesting an active extravasation pathway for cRGD-installed micelles, most likely transcytosis [77] . Thus, besides the enhanced binding and internalization by target cells, ligands can also be used for overcoming several biological barriers, including extravasation and tissue penetration in, otherwise, impermeable tissues.
Polymeric micelles also offer high versatility for incorporating a broad range of bioactive molecules by engineering the core forming segments of the block copolymers. From our former observations on the self-assembly of polymeric micelles through electrostatic interaction by pairing oppositely-charged block copolymers [83, 84] , we have developed several polymeric micelles, so called polyion complex (PIC) micelles (Figure 1) , incorporating charged macromolecules, such as antisense oligonucleotides [84] , plasmid DNA [85] , proteins [86] small interfering ribonucleic acid (siRNA) [87] , messenger RNA (mRNA) [88] and negatively charged photosensitizers [89] . The ion pairing of these biomolecules with PEG-b-polycation copolymers allows stable assembly because of counter ion releasing to get entropy gain as well as of substantial lowering of dielectric constant in the microenvironment of the core. Moreover, the PEG shielding of PIC micelles reduces the dissociation of the complexes in biological environments by avoiding polyion exchange with charged biomacromolecules, including serum albumin in blood and heparan sulfate in tissues, while protect the aggregation of the polyplexes in the core with plasma proteins and plateletes [90] . PIC micelles can be further stabilized by reversible covalent crosslinking of their core, e.g. disulfide bonds [91] , which can be cleaved at intracellular conditions, and by the addition of hydrophobic groups, such as cholesterol [92] , to the core-forming segment, which augment the endurance of PIC micelles to the harsh in vivo conditions, extending their half-life in the bloodstream and allowing the delivery of intact biomolecules to the therapeutic targets. Because these targets are generally located in intracellular compartments, PIC micelles should also be able to escape from endosomal compartments after endocytosis for avoiding the degradation of their payload in lysosomes, while delivering the biomolecules to the subcellular destinations [93] . Accordingly, the core-forming polycations can be modified with endosomal escape functions, which can control the buffering capacity and the amount of cationic charges, allowing the interaction of the PIC micelles with endosomal membranes [93] . Thus, by using polycations having amines with low pKa, the polycations can protonate at endosomal pH inducing strong buffering effect and increasing the density of positive charges. We have recently engineered the endosomal escape of polyplexes by preparing a library of polyaspartamides via aminolysis of poly(β-benzyl-L-aspartate) [94] , and the in vitro endosomal escape efficiency with low cytotoxicity [95, 96] . Moreover, these polyaspartamides can degrade faster than natural cationic poly(amino acid)s, eliminating the risk of cytotoxicity from prolonged exposure to polycations [97] . PIC micelles prepared from block copolymers having these polyaspartamides have safely enhanced the delivery of biomacromolecules the cytosol of cells and the gene transfection in vitro and in vivo [88, 92, 93, 95, 96, 98] .
These features of PIC micelles have been demonstrated of great utility for RNA interference therapies, as systemically injected free siRNA is rapidly degraded by enzymes and cleared from circulation by kidneys, while it cannot reach its intracelullar therapeutic targets due to low cellular uptake and degradation in lysosomes. To reduce the interference on the electrostatic interactions between the siRNA and the polycation segment in the core of PIC micelles by charged biomacromolecules in biological environments, additional stabilization of siRNA-loaded PIC micelles facilitates the successful siRNA delivery in vivo. For siRNA delivery to tumors, siRNAloaded PIC micelles have been constructed from PEG-b-poly(L-lysine) copolymers containing iminothiolane groups for crosslinking the micelle structure via disulfide bonds in the core [99, 100] .
Moreover, cRGD peptide was also installed on the PEG-shell of the micelles for improving the tumor targeting as well as biological activity. These micelles showed good gene silencing ability, improved cellular internalization, and broad subcellular distribution due to their enhanced stability and cRGD-mediated delivery [99] . After intravenous injection, these micelles achieved high accumulation in tumor tissues as well as tumor vasculature and, by delivering antiangiogenic siRNA, these micelles elicited significant inhibition of the growth rate of subcutaneous HeLa tumor models [100] . In addition, siRNA-loaded PIC micelles with endosomal escape ability were prepared from PEG-b-P(Asp(TEP)) copolymers [101] . These micelles were stabilized by conjugating hydrophobic cholesteryl groups to the side groups of P(Asp(TEP)) segment, extending the circulation of the micelles in the bloodstream [101] . Moreover, by installing cRGD on the surface of these cholesterol-stabilized siRNA-loaded micelles, we achieved improved delivery of polo-like kinase 1 (Plk1) siRNA in a subcutaneous model of human lung cancer (A549) and attained significant antitumor efficacy by sequence-specific gene silencing in tumor tissues. Besides hydrophobic cholesterol, steaoryl moieties have also been used for stabilizing the structure of siRNA-loaded micelles from PEG-SS-P(Asp(DET)) copolymers [102] . Because the disulfide bond between PEG and P(Asp(DET)) can be cleaved under reductive conditions of tumor tissues and cytoplasm, these micelles can selectively detach their PEG-shell and augment transfection efficiency. Thus, while the hydrophobic stearoyl molecules in the core increase the resilience of the siRNA-loaded micelles in blood, these smart micelles accomplished significant gene silencing of vascular endothelial growth factor (VEGF) in a mouse model of pancreatic tumor, reducing the growth rate of tumors. Furthermore, as siRNA-based therapies have the potential for treating a wide range of diseases, we have recently extended the use of siRNA-loaded micelles from PEG-bpoly(L-lysine) for treating glomerulonephritis in a mouse model [103] . The relatively small diameter of these micelles (10-20 nm) allowed them to access to the mesangium of kidneys and deliver mitogen-activated protein kinase 1 (MAPK1) siRNA, suppressing glomerular MAPK1 mRNA and improving kidney function.
siRNA has also been incorporated in calcium phosphate (CaP)-based polymeric micelles for improving its stability in biological environments and enhacing its bioavailability. CaP has been widely used as a biomaterial because it is safe, biocompatible and inexpensive, and based on the high affinity of CaP for nucleic acids, CaP nanoparticles have been developed for improving the stability of these biomolecules in biological environments, increasing their cellular uptake and enhancing the transfection ability (Figure 1) The incorporation of imaging or reporter molecules into the structure of polymeric micelles is a useful strategy for validating their design and biological performance. Moreover, combining reporter and therapeutic molecules within the same platform allows for simultaneous diagnosis and therapy, so called theranostics, which is an attractive strategy for real-time in-situ evaluation of pharmacokinetics, pharmacodynamics, therapeutic responses in individual patients [111] . We have found this approach feasible by combining DACHPt-loaded micelles with Gd-DTPA, and following their accumulation and their significant therapeutic activity in orthotopic pancreatic tumors by MRI [112] . Theranostic platforms have the potential to provide safe and efficient management of disease and therapies, and their clinical translation will largely depend on their ability to optimize doses, toxicities, clearance rates, and imaging and therapeutic efficiencies.
Future prospects
The positive clinical results of anticancer drug-loaded polymeric micelles with efficacy enhancements and reduction of side effects, which indicate not only the improvement of prognosis but also the quality of life of patients, and the recent progress of NK105 and NC-6004 into Phase III studies, allow envisioning the imminent translation of polymeric micelles into the clinic. Further application of drug-loaded polymeric micelles in combination with other therapeutic agents is already being considered, as cancer cells may circumvent cytotoxic effects of monotherapy.
Accordingly, current clinical studies comprising the combination of NK012 combined with 5-FU/LV or carboplatin, and NC-6004 with gemcitabine may provide unprecedented efficacies.
Moreover, emergent combination therapies with various polymeric micelles may also achieve exceptional synergy with reduced side effects, as recently demonstrated by the combination of NC-4016 and NC-6300 [71] , which was significantly more effective and safe than the combination of oxaliplatin and Epi in a model of human gastric cancer. Moreover, as polymeric micelles can incorporate multiple drugs at therapeutic concentrations, multidrug-loaded micelles may facilitate optimization of pharmacokinetics, even at the cellular level, and achieve synchronized and cooperative drug action. Even though novel regulations and evaluation guidelines may be necessary for proceeding multidrug-loaded micelles into human studies, such micelles have the potential to elicit outstanding therapeutic effects by rationally combining therapies at the molecular level within cancer cells.
Further applications of polymeric micelles in tissues other than cancer, where the vascular permeability is limited, can be achieved by systemically supplying micelles with the capacity to overcome biological barriers, including extravasation, tissue penetration, and cellular internalization at the target site. Ligand-installed polymeric micelles have the potential for overcoming such biological barriers by taking advantage of receptor-mediated transport mechanisms. As a wide range of bioactive molecules can be stably encapsulated in the core of micelles, safe and efficient diagnostic and therapeutic strategies can be envisaged through the development of sophisticated polymeric micelles, evolving into self-sufficient nanomachines for the management of a wide-range of medical diseases or conditions.
